To understand the regulatory networks governing metabolism in developing oil seeds, we initiated a genome-wide analysis of gene expression in seeds of Arabidopsis, taking advantage of recently developed genomic tools (Hieter and Boguski, 1997; Bouchez and Hofte, 1998) . Although the Arabidopsis genomic sequence is now fully available (www.arabidopsis. org; Meinke et al., 1998) , expressed sequence tags (ESTs) derived from single-pass sequencing of cDNAs in Arabidopsis provide an invaluable resource for the annotation of genomic sequences and the analysis of gene expression associated with specific plant tissues or growth conditions (Newman et al., 1994; Cooke et al., 1996; Rounsley et al., 1996) . Cloning of genes encoding enzymes of specific biochemical pathways by single-pass sequencing of cDNAs has been a very successful strategy, particularly when the cDNA libraries have been prepared from tissues with high activity for the respective enzymes. For example, sequencing of cDNAs derived from endosperm of developing castor bean seeds led to the identification of the enzyme involved in ricinoleic acid biosynthesis (Van de Loo et al., 1995a , 1995b . In a similar manner, genes essential for the biosynthesis of conjugated double bond-containing fatty acids were recently identified among ESTs from oleogenic tissues of Momordica charantia and Impatiens balsamina (Cahoon et al., 1999) and ESTs from woodforming tissues of trees have proven to be an ideal source for the isolation of cDNAs encoding enzymes of cell wall biosynthesis (Allona et al., 1998; Sterky et al., 1998) . ESTs and their accompanying cDNAs also provide the means to construct inexpensive microarrays on glass slides, which can be used to study the expression of genes on a genome-wide scale (DeRisi et al., 1997; Ruan et al., 1998) . A careful bioinformatic analysis to identify tissue-specific ESTs is a prerequisite to obtain a comprehensive and representative set of cDNAs for gene expression studies by microarrays (Loftus et al., 1999) . Thus, given that only a small number of plant ESTs in the public databases have been derived from seeds, it was essential in the context of the genome-wide analysis of seed metabolism to obtain and analyze a large number of these ESTs first.
Even without subsequent microarray analysis, a sufficiently large number of ESTs derived from a specific tissue can provide a clue toward the expres-sion of specific genes in the tissue (Rafalski et al., 1998; Ewing et al., 1999; Mekhedov et al., 2000) . In most cases and within statistical limitations (Audic and Claverie, 1997) the abundance of a specific cDNA in the EST collection is a measure for gene expression. Here we apply this technique also referred to as "electronic or digital northern" to address the questions about the primary metabolic route for the conversion of photosynthate into oil in developing seeds of Arabidopsis. The described analysis of 10,500 cDNAs by single-pass sequencing provides a rich data set, which we can only begin to explore here. For this reason the data set will be available at our web page for further studies.
RESULTS AND DISCUSSION

Single-Pass Sequencing of 10,522 cDNAs from Developing Seeds
Despite the fact that over 45,000 Arabidopsis ESTs have already been deposited in dbEST (release 030300; Boguski et al., 1993) , these are not necessarily representative with regard to genes specifically expressed in developing seeds, because siliques, but not isolated developing seeds were used as source of seed cDNAs. To initiate a "functional genomic" analysis of seed metabolism, we sequenced cDNAs derived exclusively from developing Arabidopsis seeds in a single pass from the 5Ј end. Because seeds contain highly abundant mRNAs, e.g. those derived from genes encoding storage proteins, we probed nylon filters with 9,136 (data set I) and 18,432 arrayed clones (data set II), respectively, employing cDNA probes as summarized in Table I . From data set I, 4,641 clones (51%) were sequenced and analyzed with BLASTX. Additional clones were selected from data set I (Table I) for probing of the second filter set to further reduce the redundancy in data set II. In this case, 5,922 clones (32%) were sequenced and analyzed. The average read lengths after trimming were 350 bp for clones from data set I and 259 bp for clones from data set II. Taken together, 10,522 clones were analyzed at the level of BLASTX searches equivalent to 38% of the clones on the filters. A total of 11,873 sequences were generated and kept in a FASTA file (complete raw data set), which includes 1,141 sequence runs from the 3Ј ends of selected clones, a small number of repeats, and clones for which only poor sequence is available. The sequences have been deposited at GenBank and will be available along with annotations at our web site. The longest clones from each contig as well as singletons (see below) have been deposited at the Arabidopsis Biological Resource Center.
Classification of ESTs According to Predicted Function
To obtain qualitative information about the ESTs, each sequence was searched (BLASTX) against the non-redundant protein database of GenBank. The top scoring hits were automatically extracted and manually annotated according to the description of the sequence(s) returned by BLASTX. The number of clones falling into each class are shown in Table II . It must be emphasized that this procedure provides only tentative clues toward the function of the en- Table I . Clones corresponding to highly abundant messages used for prescreening Plasmid inserts of pools of up to five clones were used as probes for hybridization to denatured colonies arrayed on filters. Data set I refers to a filter set with 9,136 colonies and data set II to a filter set with 18,432 colonies. coded proteins, due to the fact that relatively few of the descriptions associated with GenBank entries have been verified by wet-lab experiments (Boguski, 1999) . Two classes, "non-significant homology" (NSH) and "unidentified function" (UF) represent approximately 40% of the clones and warrant further explanation. Sequences that returned BLASTX scores (high scoring segment pairs) of less than 100 were grouped under NSH (24.3%), indicating that no protein similar to the translation product was present in the public databases at the time of the analysis. This group of sequences was repeatedly resubmitted for analysis. To rule out that the NSH class is enriched in low quality sequences as the primary cause for low BLASTX scores in this class, we compared the average quality values assigned by PHRED to each chromatogram and found similar average quality values for the NSH class and the total EST set. Based on this analysis one can assume that approximately 24% of the clones in the seed database encode novel proteins. The UF class (13.5%) contains ESTs that show significant similarity (BLASTX scores Ͼ100) at the level of predicted amino acid sequence to proteins from different organisms for which no function is known.
Despite the prescreening there is still a considerable number of storage protein entries (14.4%) present in the database (Table II) representing the largest class of clones for which a putative function can be assigned. A similar observation was made for ESTs from castor bean and was explained by the presence of short incomplete cDNAs encoding storage proteins that would not hybridize efficiently to the probe during prescreening (Van de Loo et al., 1995b) . Considering the number of storage protein clones and other abundant clones identified by hybridization (62%), a minimum of 75% of mRNAs are To evaluate whether novel, seed-specific ESTs were present we compared our entire 5Ј-sequence data set against the Arabidopsis set in "The Arabidopsis Information Resource" available at http://www. Arabidopsis.org/seqtools.html. Of the 10,552 BLASTN results returned, 4,173 (39.5%) showed BLASTN scores (high scoring segment pairs) of less than or equal to 50. Based on these scores it can be estimated that approximately 40% of the ESTs described here are not represented in the public Arabidopsis EST set and many of these therefore may correspond to genes specifically expressed in developing seeds of Arabidopsis.
Because multiple ESTs can be derived from a single gene, sequences were assembled into contigs to estimate the number of genes giving rise to the ESTs. Of the 11,850 sequences used for contig analysis, 7,567 (64%) assembled into 1,569 contigs and 4,283 (36%) remained as singletons. Thus the maximal number of unique cDNAs represented in the entire data set is 5,852. To estimate how many genes are represented in our data set that may be specifically expressed in developing seeds, we determined the number of contigs and singletons represented by the 4,173 ESTs not represented in the public data set. These were 743 contigs and 2,306 singletons representing a maximal number of 3,049 genes. Thus based on this analysis up to one-half of all genes represented by our data set may be specifically expressed in seeds. However, there are three caveats concerning this estimation. First, although in most cases each contig represents one gene, sometimes more than one contig of nonoverlapping sequences exist per gene resulting in an overestimation. Second, in some cases due to the limited quality of single-pass sequences, closely related gene families cannot be resolved into individual contigs resulting in an underestimation. Third, because silique-derived cDNA sequences are present in the public database, some of the ESTs in dbEST already represent genes specifically expressed in seeds, e.g. storage protein genes. These have not been taken into account above and will lead to an underestimation of seed-specific genes represented by the seed EST data set.
Mapping ESTs onto the Arabidopsis Genome
One step toward the determination of the exact number of genes represented by ESTs would be to map all ESTs and contig consensus sequences onto the Arabidopsis genome. For this purpose we searched (BLASTN) all sequences in the raw sequence file, as well as all contig consensus sequences against an Arabidopsis genomic sequence subset of all sequences longer than 10 kb. This set should primarily contain sequenced bacteria artificial chromosomes (BACs), phage artificial chromaosomes (PACs), and P1 clones from the Arabidopsis Genome Initiative. The individual results of this analysis can be found in the database and provide a location for most ESTs on the physical map of Arabidopsis by linking these results to the map locations of sequenced clones available at http:// www.Arabidopsis.org/seqtools.html. In the past this information could only be obtained by direct PCR mapping approaches (Agyare et al., 1997) due to the absence of large scale genomic sequence information. Because BACs contain on the average 20 to 30 genes each, further analysis on an individual basis is required to ultimately determine whether two contigs are derived from one or several genes on a particular BAC.
Abundance of ESTs Derived from Specific Genes
The number of sequences assembled in the contigs gives an indication of the degree of expression of the respective gene in developing seeds. Table III lists contigs containing more than eight ESTs. The accession numbers provide direct access to the sequence in GenBank (whenever possible, a cDNA sequence) that shows the best match to the contig consensus sequence. As predicted by the initial classification of individual ESTs (Table II) , the most abundant ESTs form contigs that encode seed storage proteins. In agreement with the high demands for protein synthesis in developing seeds, ESTs for translational elongation factors were abundant in contigs (Table  III, RB) . ESTs for proteins possibly involved in storage protein body formation such as vacuolar processing enzyme (Kinoshita et al., 1995;  Table III, TON) or proteases in general (Table III , PA) are highly abundant. In a similar manner, genes encoding enzymes involved in protein folding (Table III , CHP) such as protein disulfide isomerase genes are highly expressed in seeds (Boston et al., 1996) . Developing embryos of Arabidopsis are green. Thus it is not surprising that ESTs encoding chlorophyll-binding proteins are present in high numbers (Table III, PS) . The most highly abundant enzyme-encoding ESTs are those for S-adenosyl-Met decarboxylase (Table  III, AA) . This is a key enzyme of polyamine biosynthesis (Walden et al., 1997) . However, ESTs encoding other enzymes of this pathway are not very abundant or are absent. Thus S-adenosyl-Met decarboxylase may be involved in addition in a pathway unrelated to polyamine biosynthesis. Among the contigs of abundant ESTs are 20 for which the consensus sequence did not have a match in GenBank or which are similar to proteins of unknown function (Table  III , NSH and UF). These provide an interesting pool of novel proteins with a function that may be of special relevance for developing seeds and further functional analysis may lead to the discovery of molecular processes crucial to developing seeds. An obvious class missing in the contig list of most abundant ESTs (Table III) is that containing ESTs with 
Different Representation of Genes in the Seed EST Set and the Public Arabidopsis EST Set
The public EST data set for Arabidopsis available March 2000 consists of over 45,000 sequences derived from cDNA libraries produced from a range of tissues. The largest group of sequences (approximately 31,000) originated from sequencing a mixed population of cDNAs from etiolated seedlings, tissue culture-grown roots, and aerial tissue from flowering plants (Newman et al., 1994) . The 10,522 sequences from a developing seed cDNA library described in this study represent the largest set of public Arabidopsis ESTs currently available from a narrowly defined developmental stage of the plant. How different is this new set from those sequences already deposited? To answer this question we compared the percentage of ESTs in the seed database for several genes with their abundance among the non-seed Arabidopsis ESTs previously deposited in dbEST. For example, for glyceraldehyde-3-P dehydrogenase, a gene that might be considered constitutive, or "housekeeping," the relative abundance in the two data sets is identical (0.3%). In contrast and as expected, genes that are known to be highly expressed in seeds were found to be abundant in the seed EST data set. For example, storage proteins represent at least 50% of the clones in the seed library, which is at least 500-fold more abundant than in the non-seed set. Likewise, oleosins are approximately 100-fold more prevalent in the seed library than in the nonseed data.
In mature Arabidopsis seeds, lipid in the form of triacylglycerol is the major form of carbon storage, representing 30% to 40% of the seed dry weight. It might be expected that higher flux of carbon into lipid synthesis in seeds would be reflected in a higher proportion of clones for fatty acid synthesis within the seed data set than in dbEST. This is in fact the case: approximately 0.5% of the seed ESTs encode proteins of the plastidic fatty acid synthase compared with approximately 0.15% of Arabidopsis ESTs found in dbEST for the same reactions. Furthermore, we detected ESTs for seed-specific genes that are completely missing from the public data set. For example, clones corresponding to FAE1 encoding a protein that controls seed-specific fatty acid elongation occurred 20 times in our database, but not at all in dbEST. In general, the vast majority of these comparisons validate that this new EST set provides the expected tissue-specific representation of gene expression in seeds and contains a very different population of ESTs than previously available. Figure 1 depicts the major pathways involved in the conversion of Suc into fatty acids. These include the conversion of imported Suc by a cytosolic glycolytic pathway (reactions 1-16), transfer of intermediates across the plastid envelopes (reactions 17-20), intermittent starch biosynthesis and degradation in the plastid (reactions 21-26), a plastidic glycolytic pathway (reaction 27-36), the oxidative pentose phosphate cycle (reactions 37-42), the plastidic pyruvate dehydrogenase complex (reaction 44), as well as reactions involved in fatty acid biosynthesis and modification (reactions 45-52). In Figure 1 the thickness of arrows represents the number of ESTs in data sets I and II, which encode the respective enzyme. Because different enzymes have different turnover numbers and other kinetic factors, this number cannot be used to compare the magnitude of flux through the different reactions. However, EST numbers in many cases can provide useful comparisons between the same reaction in different compartments, or between similar biochemical reactions. The assignment of the plastidic and cytosolic isoforms was generally based on BLASTX results showing sequence similarity of the respective ESTs or contigs to genes encoding proteins of known function and subcellular location. In ambiguous cases, e.g. for Glc-6-P dehydrogenase (Fig. 1, reaction 37) we used multiple alignment of the respective ESTs from the seed database with all known Glc-6-P dehydrogenaseencoding plant genes in conjunction with cluster analysis. Further refinement could be achieved by predicting the presence of chloroplast transit peptides from genomic DNA sequences that correspond to the ESTs. However, in the absence of biochemical data these assignments must be considered preliminary. A list of each enzyme, the number of ESTs, and the clone and contig identifiers are given in Table IV . Reactions for which no corresponding EST is present are drawn with a dashed line in Figure 1 .
The Conversion of Photosynthate into Fatty Acids
It is interesting that those reactions are often found in clusters, e.g. reactions 25 through 29 (plastidic glycolysis) or 38 through 41 (oxidative pentosephosphate cycle). It is tempting to speculate that the observed clustering reflects the coordinated regulation of gene expression according to metabolic pathways and may provide a first glimpse at the regulatory network governing seed metabolism. However, it must be emphasized that even though this new data set is large, it still is incomplete and the resolution for differential expression is lost for reactions that are not represented by ESTs.
Membrane Transporters
Suc is the transport form of CO 2 fixed by photosynthesis and must be imported into the developing embryo. Studies with developing bean seeds suggest that Suc and hexose transporters located in the epidermis of the embryo are involved (Weber et al., 1997) . Two Suc transporter genes are known for Arabidopsis, SUC1 and SUC2 (Sauer and Stolz, 1994) and corresponding ESTs are present in the seed database (Table IV; Fig. 1, reaction 1) . Most ESTs correspond to SUC2, but there is also a contig of ESTs that are more similar to the Suc transporter from bean (Tab IV). Whether this class of ESTs represents a third Suc transporter gene from Arabidopsis specific for developing seeds needs to be further investigated. Furthermore, several ESTs with similarity to hexose transporters are present, which may be involved in the import of hexoses derived from Suc cleavage by apoplastic invertase.
Hexose metabolites enter the plastid to provide precursors for starch and fatty acid biosynthesis. Using isolated plastids of developing embryos of oilseed rape, it has been shown that labeled Glc-6-P and pyruvate are the most efficient of all the different possible substrates tested in labeling starch and triacylglycerols, respectively (Kang and Rawsthorne, 1994) . Furthermore, fatty acid biosynthesis was stimulated if Glc-6-P and pyruvate were present (Kang and Rawsthorne, 1996) . ESTs with similarity to a plastid Glc-6-P/phosphate (or triosephosphate) antiporter (Kammerer et al., 1998) are abundant in the seed EST database (Table IV; Fig. 1, reaction 17) . However, we were unable to identify a set of ESTs with similarities to any known pyruvate or monocarboxylic acid transporter (Table IV; Fig. 1, reaction 20) . Either pyruvate does not require a specific translocator, the respective protein cannot be identified without further biochemical or molecular information, or pyruvate is not the metabolite imported into plastids in vivo. It has been previously suggested that a plastid phosphoenolpyruvate/phosphate antiporter may be providing the plastid with pyruvate following metabolism of the imported phosphoenolpyruvate (Fischer et al., 1997) . There are several ESTs present encoding proteins with similarity to a phosphoenolpyruvate translocator (Table IV ; Fig. 1, reaction 19) . A Table IV . Numbers correspond to individual reactions and serve to identify the respective enzyme in Table IV . The thickness of arrows provides a coarse indication of the number of ESTs present in the seed EST data set for the respective reaction. The exact numbers for each reaction can be found in Table IV .
Table IV. Enzymes involved in carbohydrate and lipid metabolism
The enzymes are organized according to the reaction scheme shown in Figure 1 . For contigs the contig number is provided, for singletons the seed database accession no. Hits refers to the total number of 5Ј-sequences in the seed ESTs data base. high expression of this antiporter in non-green plant tissues has also been observed using conventional methods (Kammerer et al., 1998) . In the same study it was also shown that the gene for the triosephosphate/phosphate translocator is much more highly expressed in green tissues as compared with nongreen tissues. Thus, the presence of only one EST for the respective gene in the seed database (Table IV ; Fig. 1, reaction 18 ) is in agreement with the conventional northern analysis.
Glycolysis, Oxidative Pentose Phosphate Cycle, and Starch Metabolism
In general, plants do have a complete glycolytic pathway in the cytosol (Plaxton, 1996) and it has been shown that a complete pathway also exists in the plastids of oil seeds (Dennis and Miernyk, 1982; Kang and Rawsthorne, 1994) . The question remains to what extent both pathways are utilized in the conversion of carbohydrates into precursors of fatty acid biosynthesis. All genes encoding glycolytic enzymes of the cytosol are expressed, whereas ESTs encoding plastidic isoforms are absent in many cases ( Fig. 1 ; Table IV ). Exceptions are the central reactions 30 through 33 of the plastidic glycolytic pathway, as well as the plastidic isoform of pyruvate kinase (reaction 36). It seems certain that there is differential transcriptional regulation of the two pathways. Assuming that there is no general difference between the specific activities of the cytosolic and plastid enzymes, the data would be consistent with a more active cytosolic pathway. The peculiar high expression of plastidic pyruvate kinase genes (reaction 33) in conjunction with the relatively high abundance of phosphoenolpyruvate transporter ESTs (reaction 19) is consistent with a major route of carbon from Suc into precursors of fatty acid biosynthesis involving the cytosolic glycolytic pathway up to phosphoenolpyruvate, import of this compound into the plastid, and subsequent conversion to pyruvate. It is interesting that ESTs for plastid isoforms of pyruvate dehydrogenase (27 ESTs) are approximately 2-fold more abundant than for mitochondrial isoforms (13 ESTs). This contrasts with the non-seed Arabidopsis EST set in dbEST where ESTs are approximately equal for the two subcellular localizations. These comparisons are clearly consistent with our expectations of the relative flux through fatty acid synthesis and the tricarboxylic acid cycle in seed and non-seed tissues.
Biosynthesis of fatty acids does not only require carbon units, but more than twice as many moles of reduced nicotinamide nucleotides per fatty acid (Ohlrogge et al., 1993) . Reductants for fatty acid biosynthesis can be generated in the heterotrophic plastid by the pyruvate dehydrogenase reaction (reaction 44), by the initial reactions (reactions 37 and 39) of the oxidative pentose phosphate cycle, and in green seeds by photosystem I. Although the different subunits of the plastidic pyruvate dehydrogenase complex are highly expressed (Table IV , reaction 44), only one out of seven Glc-6-P dehydrogenase-(reaction 37) encoding ESTs could be clearly identified as plastidic. No ESTs were found for reactions 38 through 41 of the plastidic oxidative pentose phosphate cycle, but ESTs encoding enzymes involved in recycling the carbon moieties were plentiful (reactions 42 and 43). It is known that plastidic Glc-6-P dehydrogenase is allosterically regulated in sophisticated ways in photosynthetic tissues (Wenderoth et al., 1997) . Thus it seems possible that this tight regulation of the oxidative pentose phosphate pathway begins already at the level of transcription and is visible in the low abundance of the respective ESTs. Plastids of developing Arabidopsis seeds are transiently green and some of the most abundant ESTs encode proteins of the photosynthetic membrane (Table III) , supporting the conclusion (Browse and Slack, 1985; Eastmond et al., 1996; Asokanthan et al., 1997; Bao et al., 1998 ) that some of the reducing equivalents required for fatty acid biosynthesis are derived from photosynthesis.
Developing seeds of Arabidopsis transiently accumulate starch (Focks and Benning, 1998) . In accordance with this, ESTs encoding enzymes involved in starch biosynthesis and degradation are quite abundant ( Fig. 1 ; Table IV , reactions 21-24), similar to those encoding enzymes that catalyze the initial reactions of fatty acid biosynthesis (reactions 45-48). The ESTs of starch metabolism represent an example of the apparent coordinate expression of genes encoding enzymes of the same metabolic pathway and may reveal a regulon.
Fatty Acid Biosynthesis
Given that the major carbon storage in developing oil seeds is associated with triacylglycerol, but not starch, one would expect that ESTs encoding enzymes directly involved in fatty acid biosynthesis are at least as abundant as those encoding starch metabolic enzymes. This seems to be true for the ketoacylacyl carrier protein synthases (reactions 46, 47, and 51) as well as for acetyl-coenzyme A (CoA) carboxylase (reaction 45), which provides the malonyl-CoA substrate for fatty acid biosynthesis. In general the relative abundance of the cDNAs encoding different enzymes of fatty acid synthesis is similar in the seed and non-seed EST sets, suggesting that seeds do not alter to a substantial degree the relative expression of genes encoding pathway components to accomplish the increased flux through the pathway in seeds. Rather, the entire pathway is apparently upregulated, as suggested by the overall higher relative abundance of ESTs noted for fatty acid synthesis ESTs in the seed compared with the non-seed sets (Mekhedov et al., 2000) . These data, therefore, confirm tissue mRNA expression data from several studies of genes encoding individual enzymes of fatty acid synthesis (e.g. Fawcett et al., 1994) , but furthermore suggest that at least nine genes encoding enzymes or subunits involved in this pathway are coordinately regulated. The broader scale in silico expression analysis presented here has thus uncovered phenomena that were not apparent from the previous studies focusing on single genes.
CONCLUSIONS
We have provided a large data set of ESTs from developing Arabidopsis seeds and have begun to analyze this rich resource. The analysis of this data set is not complete and some of the conclusions may have to be revised as better bioinformatics tools become available. However, based on our preliminary analysis it is clear that this data set is substantially different from the currently available public Arabidopsis EST data set. With few exceptions, there is considerable congruence between conventional biochemical wisdom regarding seed metabolism and the number of ESTs encoding seed metabolic enzymes. Even by examining only 52 reactions (Fig. 1) , patterns of expression became obvious. These observed patterns may reflect the existence of metabolic regulons, groups of genes that are coordinately expressed. In many cases the current EST data set provides the first experimental access to these genes and the basis for their in-depth molecular analysis and for the biochemical studies of the encoded proteins.
MATERIALS AND METHODS
Library Preparation and Screening
To construct the Arabidopsis developing seed cDNA library, immature seeds of Arabidopsis ecotype Columbia-2 were collected 5 to 13 d after flowering. RNA was extracted according to Hall et al. (1978) from 1 g of seed tissue and a directional Uni-ZAP XR cDNA library was commercially prepared from poly(A) ϩ mRNA (Stratagene, La Jolla, CA). The initial titer of the amplified library was 1.9 ϫ 10 10 plaque-forming units/mL. Based on 48 randomly selected clones, the average insert size was estimated to be 1.9 kb. Following the excision of phagemids, bacterial colonies were arrayed onto nylon membranes at a density of 36 clones cm Ϫ2 by Genome Systems (St. Louis). Data were generated in two stages corresponding to a membrane set with 9,136 cDNA clones and a second set containing 18,432 clones. The first set of membranes was hybridized with 12S and 2S seed storage protein cDNA clones. Non-hybridizing clones were selected for sequencing. The second set of membranes was hybridized with six pools of five different probes derived from cDNAs ( Table I) that were highly abundant among the EST sequences from the first set. Non-hybridizing clones were sequenced following re-racking.
Sequence Analysis
The first set of cDNAs (data set I) was sequenced at Michigan State University from the 5Ј ends using the SK primer for pBluescript II, or from the 3Ј ends using the M13 21 primer. The second set of cDNAs (data set II) was sequenced by Incyte Pharmaceuticals (Palo Alto, CA) from the 5Ј ends using the Bluescript T3 primer. Chromatograms from the data set I were processed in batches using Sequencher v.3.0 (Gene Codes, Ann Arbor, MI). The 5Ј-and 3Ј-ambiguous sequences were trimmed. Vector sequences were removed as part of this process. Sequences that were less than 150 bp long or had Ͼ4% ambiguity were not processed. Chromatograms from data set II were processed in bulk using PHRED (Phil Green and Brent Ewing, University of Washington, Seattle). Sequences that were less than 225 bp or Ͼ4% ambiguous were not further processed. At this time 95% of the sequences have been deposited at GenBank. The remaining 5% (exclusively derived from data set II) will be available in GenBank by March 2001.
Database Searches
For data set I, sequences were processed with the Genetics Computer Group programs (Wisconsin Package Version 9.1, Madison, WI), and used for similarity searches against GenBank by using shell or PERL scripts that call Genetics Computer Group NETBLAST (BLASTX version 1.4.11; Altschul et al., 1990) for each sequence. Searches were done in batches. For data set II, the FASTA file produced by PHRED/PHD2FASTA was processed by PERL scripts to do BLASTX searches with default parameters. The BLASTX searches were done over a period of 12 months from September 2, 1998 to September 21, 1999 using the most recent releases of GenBank. A subset was periodically retested (see below). The output from BLASTX was processed with PERL scripts to extract the top scoring hit from each result file. The following information for the top scoring entry in each result file was retained: gene identifier, description, BLAST score, probability, percent identity, alignment length, and reading frame. These results were compiled in text files. Each result was manually interpreted and categorized according to predicted biochemical function. BLASTN searches were done against a subset of dbBEST (available at http://www.Arabidopsis. org/seqtools.html) containing only Arabidopsis sequences using a FASTA file with all raw sequences. Stand-alone BLASTN version 2.0.9 running under Linux 5.2 was used for this analysis.
Contig Analysis
Contig analysis was performed with PHRAP (Phil Green, University of Washington, Seattle). Chromatograms from both data sets were processed with PHRED/ PHD2FASTA, CROSS MATCH (to mask vector sequence), and PHRAP. The first 30 bp from each sequence were trimmed during assembly by PHRAP. The .ace output file from PHRAP was processed with a PERL script to obtain the list of ESTs in each contig. Contigs were manually screened and corrected in cases where obviously unrelated sequences were clustered together.
Database
All data were imported into a Microsoft Access 97 relational database. The database was built around unique clone identifiers that refer to clone locations in microtiter plates. In some cases entries for 3Ј sequences are available. These can be recognized by the last letter X added to the clone identifier. In a few cases the same clone has been sequenced twice. This has been marked by adding the last letters A and B to the clone identifier. The database and the PERL scripts are available for viewing at our web page at http://benningnt.bch.msu.edu/index.htm.
